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Ab initio calculations of the phase behaviour and subsequent magnetostriction of
Fe1−xGax within the disordered local moment picture
George A. Marchant1, Christopher D. Woodgate1, Christopher E. Patrick2, and Julie B. Staunton1
1Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom and
2Department of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom
A holistic approach for studying both the nature of atomic order and finite-temperature magne-
tostrictive behaviour in the binary alloy Galfenol (Fe1−xGax, 0 ≤ x ≤ 0.25) is presented. The phase
behaviour is studied via atomistic modelling with inputs from ab initio calculations, and the ordered
phases of interest at non-stoichiometric concentrations are verified to exhibit B2- and D03-like order.
The finite-temperature magnetoelasticity of these phases, in particular the magnetoelastic constant
B1, is obtained within the same ab initio framework using disordered local moment (DLM) theory.
Our results provide an explanation for the origin of the experimentally observed peak and subse-
quent fall in the material’s magnetostriction at x ∼ 0.19, which has been disputed. In addition, we
show that it is possible to enhance the magnetostriction of D03-Fe3Ga by removing a small fraction
of electrons from the system, suggesting that a Fe-Ga-Cu or Fe-Ga-Zn alloy could exhibit greater
magnetostrictive properties than Galfenol.
I. INTRODUCTION
A material property of interest for use in sensor and ac-
tuator technologies is magnetostriction, the deformation
experienced by a material under the application of an
external magnetic field. It provides a means by which
to convert between mechanical and electrical energy1.
In recent decades the discoveries of materials with ex-
ceptional levels of magnetostriction, such as Terfenol-D
(Tb1−xDyxFe2)
2, have encouraged a research drive to-
wards both the development of magnetostrictive devices3
and the search for new magnetostrictive materials4. A
relatively recent development has been the discovery of
the iron-based alloys Fe-Ga and Fe-Al (referred to as
Galfenol and Alfenol)5,6. These materials are funda-
mentally less magnetostrictive than Terfenol-D, but re-
main attractive for applications because they are iron-
based, making them relatively inexpensive and mechani-
cally strong7.
An intriguing and fundamental question to be under-
stood is why adding a small amount (around 20%) of
a non-magnetic element such as Ga can result in such
a dramatic increase in magnetostriction (around an or-
der of magnitude greater for Galfenol) compared to pure
Fe5. Presently, the prevailing theories that describe the
origin of this enhancement can be broadly divided into
two fundamental mechanisms: intrinsic and extrinsic.
The latter theory - established in Refs. 8 and 9 - at-
tributes the enhancement to the emergence of tetragonal
nanoheterogeneities embedded in the (otherwise cubic)
lattice. When a magnetic field is applied to the material,
these nanoheterogeneities align, resulting in distortion of
the entire material along that direction. However, despite
there being a number of studies that report the observa-
tion of these so-called “nano-domains”10–12 other reports
suggest that their role in Galfenol’s magnetostrictive en-
hancement is relatively insignificant13,14,.
The intrinsic mechanism on the other hand - which we
will be addressing in this study - identifies the enhance-
ment as resulting from the effect that local Ga order-
ing has on the system’s electronic band structure. To
describe such a mechanism therefore requires either a
fully-relativistic treatment of the many-body Schrödinger
equation, or a scalar-relativistic treatment augmented by
a second-order perturbation theory description of the
spin-orbit coupling energy15. For a number of years
now, calculations of the latter nature have been em-
ployed with increasingly large simulation cells to calcu-
late the magnetostriction of ordered phases at particular
stoichiometries. These calculations culminated recently
with the use of 128-atom supercells to model disordered
Fe1−xGax structures, which were determined through ab
initio calculations of the system’s ground-state molecu-
lar dynamics16. The simulations showed that a peak in
magnetostriction occurs at x = 0.19, accurately reflecting
experimental measurements5. Following from a previous
study that reported D03-type ordering to be detrimental
to Galfenol’s magnetostriction17 its rapid development
around x = 0.15 in the molecular dynamics simulations
led to the conclusion that it is the origin of the drop in
magnetostriction after the peak16,.
An alternative method to the use of supercells is to
model compositional disorder with the coherent poten-
tial approximation (CPA)18, which treats disorder via
the determination of an effective medium with the same
average properties as the disordered system. The CPA
was utilised in Ref. 19 to calculate the electronic struc-
ture of different “partially ordered” Fe1−xGax phases
(A2, B2 and D03), however the authors concluded
that the use of the CPA could not necessarily capture
Galfenol’s magnetostrictive enhancement - if it indeed
originates from short-range Ga ordering. Recently, it was
demonstrated using the CPA to homogeneously dope Ga
throughout the lattice fails to explain the observed in-
crease in magnetostriction20. Nevertheless, calculations
of Galfenol’s magnetostriction have not yet been carried
out on the partially-ordered phases where an inhomoge-
neous CPA18 is applied.
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For completeness, there is also a desire for models of
alloys and their properties to take a holistic approach.
For example, in the context of ab initio calculations, it is
desirable to use the description of a material’s electronic
structure to describe both the nature of the material’s
compositional order and also subsequent calculations of
its physical properties.
Another key challenge to address is the behaviour of
a material’s magnetostrictive properties at finite temper-
ature. In the context of the rare earth elements, where
electrons are highly localised21, a successful description
of finite temperature magnetoelastic behaviour is pro-
vided by the single-ion model of Callen and Callen22–24.
However, the magnetism of Fe originates from itinerant
electrons and it is not unreasonable to expect the single-
ion model to fail to capture the relevant physics25. To
accurately model the temperature-dependence of mag-
netic properties, it is necessary to take into account fluc-
tuations of magnetic degrees of freedom and the subse-
quent effects of this. A technique which was recently
used for the first time to study magnetostriction20 is
the disordered local moment (DLM) picture26, which is
based on the Born-Oppenheimer-like assumption27 that
the timescales of electronic motion and the rearrange-
ment of local magnetic moments are disparate enough
that the degrees of freedom of the latter can be consid-
ered effectively frozen. It has been demonstrated to be
an effective approach to this problem28–31. Provided en-
semble averages are taken appropriately, this method en-
ables the determination of the temperature dependence
of a variety of magnetic properties non-empirically.
In this paper, we first present a description of atomic
short range order in Galfenol based on ab initio calcu-
lations across a range of temperatures and concentra-
tions of Ga. This approach ensures that any partially
ordered, non-stoichiometric phase of Fe1−xGax that we
model is compatible with the DFT description of the
bonding in the material provided by its electrons. We
identify that the phases of interest are those exhibiting
non-stoichiometric B2- and D03-like order. Our calcu-
lations show that when Galfenol is annealed below its
Curie temperature, the best description of atomic order
in the material is given by a non-stoichiometric D03-like
order.
Having identified the phases of interest, we then
present ab initio calculations of the intrinsic magne-
tostriction of these phases within the same framework
as is used to study the compositional order. These calcu-
lations include finite-temperature effects within the DLM
picture. The distortion studied is tetragonal [001].
Our calculations show that both the B2- and D03-like
non-stoichiometric phases reproduce the experimentally
observed increase in magnetostriction with increasing Ga
content. Further, the D03-like phase also successfully re-
produces qualitatively the peak and subsequent fall in
magnetostriction at x ∼ 0.19. We attribute this non-
monotonic behaviour to the effects of increasing Ga con-
tent on the material’s band structure.
The rest of this paper is structured as follows. In Sec.
II we discuss an atomistic approach for studying composi-
tional order based on ab initio calculations. We describe
a method for studying the magnetostrictive behaviour
of partially ordered, non-stoichiometric phases and also
review our method for calculating the finite-temperature
magnetostriction. Then in Sec. III we present the results
of our calculations of the atomic order of Fe1−xGax and
subsequent results for finite temperature magnetostric-
tion for the ordered phases of interest. Finally in Sec. IV
we summarize our key findings.
II. THEORY
A. Calculation of compositional order
In this work, we first look to verify that any partially
ordered, non-stoichiometric phase of Fe1−xGax that we
model is compatible with the DFT theory description of
the bonding in the material provided by its electrons.
The composition of a material can be specified by labels
ξiα ∈ {0, 1} to indicate the type of atom occupying the
site, so that {ξiα} represents a specific configuration. An
ensemble average 〈ξiα〉 = ciα gives the probability of a
site at Ri being occupied by an atom of type α in the
material. A Gibbs’ free energy can be written26,32–34 for
either the paramagnetic or ferromagnetic state of a mate-
rial in terms of these compositional site dependent order
parameters {ciα} and site dependent chemical potentials
{νiα}.







where the first term describes the −T times the config-
urational entropy (−TS), the second involves chemical
potentials to set overall concentrations and the last, the
internal energy Ω, found by DFT-DLM calculations aver-
aged over compositional configurations, discussed below.
The {νiα} have a site dependence for the purposes of eval-
uating the linear response ab initio, which is discussed in
detail in Ref. 34. The paramagnetic or ferromagnetic
state is appropriate depending on whether the temper-
atures at which atomic ordering and material annealing
take place are higher or lower than the material’s Curie
temperature.
One can find the nature of the infinitesimal compo-
sition fluctuations to which the high temperature, high
configurational entropy state (A2 phase) of the material
is unstable from an expansion of the free energy and a
linear stability analysis26,32–34. Whether atoms of partic-
ular elements preferentially segregate onto certain sub-
lattices, order into longer period patterns and the tem-
perature below which such a compositional rearranging
mode is stable can be determined. Moreover, the second
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can be interpreted as atom-atom interchange parameters
for use in further atomistic modelling.
For a 2 species alloy such as Fe1−xGax, the state of
the system is specified by one independent occupation
number on each site, and we have that ξiB = 1− ξiA. As
there is only one independent variable on each site, we
drop species labels α, α′, A,B. The ensemble average of
a site occupancy is denoted by 〈ξi〉 = ci, and it is these
site-wise concentrations that are used in our ab initio
calculations of magnetic torque and magnetostriction.
To determine a self-consistent set of site-wise concen-
trations at a given temperature and overall gallium con-
centration we take the ab initio calculations of S
(2)
i;j to
fit the interchange parameters Vij of a Bragg-Williams










where Vij = (VAA+VBB−2VAB)ij as is the convention35.
Either Fe or Ga can be chosen as the ‘host’ species but
of course all results must be host-independent. As is the
case in the DFT-DLM calculations, we assume here that
the distribution is uncorrelated, allowing us to evaluate
the internal energy of the system as 〈H ({ξi})〉 = Ω{ci}.
Working in the canonical ensemble with fixed overall
concentration c =
∑
i ci, we are free to set the chemical












To compute the ground-state concentrations, we use
a concentration-preserving gradient descent in the man-
ner of Chen and Khachaturayan36. This can be thought
of as simulating diffusion across the lattice, but for our
purposes we neglect constants associated with character-
istic timescales and instead look for the steady state (i.e.













−Nnn, i = j
1, i, j nearest neighbours
0, otherwise
(5)
to preserve overall concentration. (Nnn = 8 in the case
of the bcc lattice.) We interpret a steady state solution,
dci
dt = 0 as the ground state configuration of the system
for which the free energy is minimised.
We also look to verify the results obtained by the dif-
fusive method via Monte Carlo simulations of the system
based on the atomic site occupancies, ξiα. The algorithm
is an adaptation of the usual Metropolis Monte Carlo al-
gorithm which conserves overall concentrations of each
species37. A pair of sites on the lattice is picked at ran-
dom, and it is considered what the change in energy,
∆H would be if the two site occupancies were swapped.
If the change is negative, the move is accepted. If the
change is positive, the move is accepted with probability
P = exp(−β∆H). The algorithm is described in more
detail in Ref. 38.
B. Modelling of non-stoichiometric phases
In order to efficiently model ab initio the magnetostric-
tion of the computed phases at non-stoichiometric con-
centrations, we have utilised the Coherent Potential Ap-
proximation (CPA) within Density Functional Theory
(DFT) to describe the movement of electrons through
these compositional arrangements39. The CPA, im-
plemented here via Korringa-Kohn-Rostocker multiple-
scattering theory (KKR-MST)40, models the effect of
atomic disorder at a given site using a mean field-
description, wherein a coherent medium is determined
that reflects the average behaviour of the disordered sys-
tem. Central to the construction of this self-consistent
effective medium is the CPA condition, which states that
the embedding of an impurity with the average proper-
ties of the effective medium must leave the properties of
that medium unchanged.
This is the same framework that allows us to imple-
ment a linear response analysis to determine the atomic
short-range order that is prevalent in both paramagnetic
and ferromagnetic Fe1−xGax high temperature b.c.c.
solid solutions. In this way we set up a holistic approach
to describe both magnetostriction and atomic arrange-
ments from the same fundamental model of the interact-
ing electrons of Fe-Ga alloys.
In our previous study on the magnetostriction of the
A2 phase of Fe1−xGax we applied the CPA equally on
all lattice sites, reflecting that phase’s complete chemical
disorder. We now wish to study non-stoichiometric con-
centrations of ordered and partially-ordered structures,
so we opt to describe the partial order of these phases
using a scheme previously demonstrated by Pindor et
al.41, Khmelevska and Khmelevsky19, in which the CPA
is selectively applied at sites that in the stoichiometric
phase would be occupied by Ga. We validate these mod-
els of the atomic arrangements in the partially ordered
and non-stoichiometric phases using our ab initio atom-
atom interchange parameters in further atomistic simu-
lations.
Fig. 1 shows the possible partially ordered phases of
interest pictorially, where we have included the fully dis-
ordered A2 phase for the sake of comparison. Note that











FIG. 1: Diagrams of the non-stoichiometric A2, B2-like and D03-like phases of Fe1−xGax. Dashed lines denote unit
vectors. In the D03 case we have opted to show only one of the two 8c sites.
total Ga concentration x is conserved. In the B2-like
phase for example the concentration at the Ga site is 2x
to account for its absence on the other site. We also note
the Wyckoff labels given in parentheses beside each of
the atomic formulae, which will be used in this paper to
distinguish in-equivalent sites in the unit cell.
C. Definition of magnetoelasticity
In this study we will be employing the linear magne-
toelastic coupling model of instrinsic magnetostriction,
which we describe in greater detail in Ref. 20. In brief,
the model describes magnetostriction as an outcome of
the response of a magnetic crystal’s magnetocrystalline
anisotropy (MCA) to structural distortions described by
the strain tensor εij . In cubic structures this magnetoe-








+B2(αxαyεxy + αyαzεyz + αzαxεzx), (6)
where αi are the components of the magnetisation di-
rection’s unit vector with respect to the crystallographic
axes, implying that the MCA picks up lower-symmetry
terms when the crystal is strained which are characterised
by the magnetoelastic constants B1 and B2
42. The en-
ergy saved by this strain must necessarily be limited by




















+c12(εxxεyy + εyyεzz + εzzεxx), (7)
itself characterised by the elastic constants cij . It is thus
by determining the strain at which these energies are













In this study however we will be focusing solely on
the tetragonal magnetostriction constant λ001, primarily
due it being the parameter of interest when discussing
Galfenol’s magnetostrictive enhancement43.
To calculate B1 we utilise the torque method set out by
Wang et al.44, in which we measure the linear response
of the azimuthal component of the magnetic torque,
Tθ = −∂E/∂θ, to small distortions of the lattice along
the z axis. We therefore perform a least squares fitting
according to the expression
Tθ=45◦ = B1εzz, (9)
which can be straightforwardly derived by taking the az-
imuthal derivative of Eq. 6.
D. Disordered local moment theory and the
calculation of magnetic torque
The magnetic torque in Eq. 9 is calculated from first
principles within the Disordered Local Moment picture26.
In short, DLM theory describes magnetic materials at fi-
nite temperature as an ensemble of thermally-disordered
local moments with orientational degrees of freedom {êi}.
Each local moment is self-consistently maintained by a
local Weiss field hi, in that each field simultaneously
dictates and is dictated by the system’s rapid-timescale
electron dynamics. The probability distributions P 0i (êi)
of these moment orientations are predetermined by the
choice of the temperature-dependent parameter λi =
hi/kBT , meaning that the temperature T associated with
a given probability distribution is ascertained by calcu-
lating the size of the local Weiss field. Naturally the sizes
of the local order parameters mi are provided by taking
the weighted average of the moment orientations at each













in terms of the magnitudes of each site’s magnetic mo-
ment, {µi}26.
Crucially, the explicit dependence of the DLM model’s
free energy on {P 0i (êi)} provides a natural solution for
the magnetic torque at each lattice site in terms of partial








where the grand potential is calculated using solutions
to the fully relativistic Dirac-Kohn Sham equations29.
Thus, while the primary strength of the model is its treat-
ment of magnetism at finite temperature, it also allows
us to resolve each unique atom’s contribution to the total
magnetoelasticity, which in the case of B1 are defined by
Tθ=45◦,i = B1,iu. (13)
We are therefore able to evaluate the influence of the
atoms’ local environments on the material’s magne-
tostriction. It is important to stress however that differ-
ent values of magnetoelasticity at different sites do not
necessarily imply the existence of internal strains. The
site resolution should only be considered a gauge of the
extent to which each atom contributes to the total mag-
netoelasticity.
A more complete description of the torque method in
the context of DLM theory can be found in Ref. 29, while
more detail on the procedure for calculating the magne-
toelastic constants within DLM theory can be found in
Ref. 20.
E. Second order perturbation theory of
magnetocrystalline anisotropy
While the implementation of the torque method within
DLM theory allows for the calculation of magnetocrys-
talline anisotropy (MCA) and magnetoelasticity from
first principles, the calculations do not necessarily reveal
the exact nature of the spin-orbit interactions from which
these phenomena originate. It is therefore necessary to
consider spin-orbit coupling in a form that will give us
insight into the key interactions, in order to interpret
the ab initio calculations of B1 provided by DLM theory.
With that in mind, the lowest order perturbative contri-






〈o|Lz |u〉2 − 〈o|Lx |u〉2
Eo − Eu
, (14)
where Li are components of the orbital momentum op-
erator, ξ is the spin-orbit coupling constant and o and u
refer to occupied and unoccupied states45. We can better
relate this expression for the MCA to the magnetoelastic
constant B1 by taking the first derivative of the strain-







This shows that the enhancement of B1 relies upon in-
creasing the response of the difference between 〈o|Lz |u〉2
and 〈o|Lx |u〉2 to structural distortions along the z-axis
(assuming that ξ remains constant). The denominator in
Eq. 14 suggests that states in the immediate vicinity of
the Fermi level are those that should be focused on. In
addition, Ref. 45 tells us that the only non-zero matrix
elements among the d orbitals - which should of course
contribute the most to EMCA - are
〈xz|Lz |yz〉 = 1
〈x2 − y2|Lz |xy〉 = 2
〈xy|Lx |xz, yz〉 = 1
〈x2 − y2|Lx |xz, yz〉 = 1




If we therefore apply a positive strain along the z-axis,
the enhancement of Lz elements and/or the diminish-
ing of the Lx elements will provide a positive value of
magnetostriction. It is especially important to note that
the terms in Eq. 16 only apply to states belonging to the
same spin channel. In order to account for coupled states
belonging to opposite spin channels, one must exchange
Lx and Lz in each expression, for example
〈xz|Lz |yz〉 = 1→ 〈xz|Lx |yz〉 = 1. (17)
We emphasise that our use of second order perturba-
tion theory in this study is part of a qualitative analysis of
the ab initio results provided by our method’s solving of
the fully relativistic Dirac-Kohn Sham equations29. This
is in contrast to its previous use as a method for calcu-
lating magnetoelasticity directly15,17,44–47.
For more computational details regarding the calcula-
tion of magnetoelasticity and density of states, including
specific details on Brillouin zone integration and angular
momentum truncation, please see Ref. 20.
III. RESULTS AND DISCUSSION
A. Compositional Order
Calculations for the gradient-based approach were per-
formed using a code developed in-house which solves
equation 4 using a simple forwards Euler method until
a steady state solution is reached. Initial conditions are
chosen to be a homogeneous state with a small amount
of random noise. The system simulated consisted of 128
lattice sites with periodic boundary conditions. Results
at 5, 10, 15, 20 and 25% Ga were verified on a system
of 1024 lattice sites, with no discernible difference in the
computed structure between the small and large systems,
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FIG. 2: Computed site occupancies at 1200 and 800K.
The three dashed lines are indicative of what site
occupancies would be in a pure A2 phase, what 4a and
4b sites would be in a pure B2-like phase, and what 4a
site occupancies would be in a pure D03 like phase. At
low concentrations of gallium the system is in an A2
state, with the Ga spread homogeneously across the
lattice. At 1200K the system first transitions to B2-like
order before further transitioning to a mixed B2-D03
state at approximately 14% Ga. At 800K the transition
is much sharper, and the system transitions to an
almost pure D03-like state at approximately 8% Ga.
ensuring we avoided issues associated with finite-size ef-
fects. We sampled two indicative temperatures, 800K
and 1200K, for which the system is in a ferromagnetic
and paramagnetic state respectively.
For the Galfenol system in a ferromagnetic state, we
compute Vij = 0.014Ry for nearest neighbours and Vij =
0.008Ry for next-nearest neighbours, with all others set
to zero. In the paramagnetic state we compute these
values as 0.023 and 0.006Ry respectively. It should be
highlighted that in the ferromagnetic state the relative
strength of the second nearest neighbour interaction is
large compared with the paramagnetic state.
Computed concentrations at both temperatures are
shown in Figure 2. We find that the system can be com-
pletely classified in terms of occupancies of the sites spec-
ified in the D03 structure (which implicitly contains the
B2 and A2 structures). It can be clearly seen that for the
region of interest (x ∼ 0.2) the system is in a D03-like
state. For 800K the state is very pure, while at the results
at 1200K are suggestive of a B2-like state heavily modu-
lated by D03-type order. We associate this with both a
higher level of thermal disorder and also the comparative
weakness of the second nearest neighbour interaction for
the system in the paramagnetic state. Further calcula-
tions were performed at 1600K, and at this temperature
we find that the observed order is almost pure B2-like.
These results are in good agreement with existing liter-
ature, which suggests that samples annealed at high tem-
perature exhibit B2-like order, while samples annealed
at lower temperatures tend towards D03-like order. This
serves to validate our choice of non-stoichiometric phases
on which to perform calculations.
We also performed atomistic Monte Carlo simulations
of the system, and extracted pairwise correlations from
equilibrium configurations. In the case of Galfenol, it is
sufficient to consider Ga-Ga correlations to classify the
nature of observed order. Figure 3 shows plots of the Ga-
Ga radial density for an equilibrated system consisting of
8192 lattice sites with periodic boundary conditions, at
a simulation temperature of 800K (below the Curie tem-
perature). The results show good agreement with the
diffusion based approach, and clearly demonstrate the
emergence of D03-like order with increasing Ga concen-
tration.
From these results we conclude that the two ordered
phases of interest are the D03 and B2 phases.
B. Magnetoelasticity of partially-ordered phases
1. B2 phase
We begin by calculating the magnetoelastic composi-
tion dependence of the non-stoichiometric B2 phase of
Fe1−xGax (0 < x < 0.2) over a range of lattice param-
eters, a =5.35-5.50 a.u. (At low temperatures, the ex-
perimental value of a = 5.40 a.u.) The results of these
calculations can be found in Fig. 4, in which we have in-
cluded the site-resolved values of −B1 (negative so that
its sign is that of λ001). Experimental values of −B1 have
also been included by using the data for λ001, c11 and c12
in Ref. 5 and rearranging Eq. 8.
Focusing on the total magnetoelasticity for now, we
first note the significant magnetoelastic volume depen-
dence of pure Fe - a result that was previously found
in Ref. 20 - where the expansion of the lattice leads to
−B1 changing in sign from positive to negative. As Ga
is added to the 1a site up to around 15%, there is a
consistent increase in magnetoelasticity across all lattice
parameters up to between ∼ 7 and 15 MJ/m3, including
a change in sign for a = 5.45 and 5.50 a.u.. For concen-
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FIG. 3: Average radial Ga-Ga densities for Galfenol
obtained via Monte Carlo simulations. The interchange
parameters used were those computed for the
ferromagnetic state, and the simulation temperature
was 800K. The black dashed lines indicate the expected
radial density for a completely disordered (A2) state,
while the red crosses indicate the expected peaks for
D03-like order.
to slightly decrease, though the compositional behaviour
here could mostly be described as relatively benign in
comparison to that seen at lower concentrations. The
exception is when a = 5.45 a.u. for which a local mini-
mum occurs at 20% Ga content as the magnetoelasticity
quite rapidly decreases and then increases again. We
also observe that when x = 0.25 and a = 5.50 a.u. then
−B1 ∼ 5 MJ/m3, which is notably small compared to
the values at smaller volumes which range between ∼10
and 15 MJ/m3 at smaller volumes.
If we now consider the contribution to the magnetoe-
lasticity from each lattice site, where the site 1a denotes
the doped site and 1b the pure Fe site, the difference be-
tween the two is immediately obvious. While the 1b site
demonstrates a significant decrease in magnetoelastic vol-
ume dependence, with each isovolumetric curve converg-
ing toward values of ∼2-3 MJ/m3, the 1a site on the other
hand accounts almost entirely for the total magnetoelas-
tic enhancement. The resolution between atomic sites
also reveals a more consistent magnitude in the peaks of
−B1 for each volume, while the location of the peak is
shifted downwards with respect to Ga content as the lat-
tice expands. This means that the size of the peak for the
larger volumes is limited due to the significant negative






























































FIG. 4: Total and site-resolved values of the
magnetoelastic constant −B1 as a function of Ga
content in non-stoichiometric B2 Fe1−xGax for lattice
parameters between 5.35 a.u. and 5.50 a.u.. (a) −B1 for
the total system and experimental measurements at
room temperature;5 (b) site-resolved −B1 at site 1a (see
Fig. 1); (c) site 1b.
2. D03-like phase
We move on now to our calculations of magnetoelas-
ticity in the D03-like phase, the results of which are
plotted in Fig. 5. It is immediately obvious that it
leads to a much greater enhancement in magnetoelas-
ticity than that seen in the B2 phase, reaching peaks of
−B1 ∼ 35 MJ/m3 for a =5.45 a.u.—over twice the ex-
perimentally measured peak. The qualitative behaviour
of the isovolumetric curves tell a similar story to the B2



























































FIG. 5: Total and site-resolved values of the
magnetoelastic constant −B1 as a function of Ga
content in non-stoichiometric D03-like Fe1−xGax for
lattice parameters between 5.35 a.u. and 5.50 a.u.. (a)
−B1 for the total system and experimental
measurements at room temperature;5 (b) combined
contribution from sites 4a and 4b (see Fig. 1); (c)
combined contribution of the two 8c sites.
−B1 up to ∼ 15% Ga content followed by a moderate
decrease which is less than that seen in the experimental
data. An exception to this trend is the behaviour of the
system when a = 5.50 a.u., at Ga concentrations above
20%, where we see a sudden increase in −B1. Observa-
tions based on the site-resolved magnetoelasticity are also
familiar. Namely, the dominance of the 8c sites reflects
that of the 1b site in the B2-like phase, due to their being
the only sites whose nearest neighbours are affected by
the selective doping. The 4a and 4b sites meanwhile act
as the counterparts to the B2-like phase’s 1a site, show-
ing an initial decrease in −B1 that counterbalances the
magnetoelastic enhancement on the 8c site, then a clear
suppression of the volume dependence as the Ga content
increases further.
3. Comparisons between the partially-ordered phases
Thus far we have seen that, in both the B2- and D03-
like phases, there is a consistent increase in magnetoelas-
ticity when between 10 and 15 % Ga is doped into the sys-
tem, across a significant range of lattice volumes. Based
on site-resolved calculations, this enhancement is driven
primarily by the 1b and 8c sites for the B2- and D03-like
phases respectively, which Fig. 1 shows are the only sites
whose nearest neighbours change as Ga is added. In the
B2-like phase all 8 nearest neighbours change, while in
the D03-like phase only 4 sites - at the vertices of tetrahe-
dra - change. Fig. 6 shows that at small x the 1b and 8c
sites are almost equivalent in terms of their magnetoelas-
tic concentration dependence, suggesting that the leading
contribution to the magnetoelasticity at these concentra-
tions is simply the average number of Fe nearest neigh-
bours, which is equivalent for these sites. At concentra-
tions greater than ∼10% the behaviour of the two sites
diverge, with the magnetoelasticity of the 8c site contin-
uing to increase while the 1b site’s evolution is compara-
tively flat. The enhancement at a =5.45 a.u. is especially
profound, with −B1 reaching values over twice as large
as those seen in experimental measurements5. A notable
anomaly in terms of concentration dependence can be
seen when a = 5.50 a.u., at around 0.225 < x < 0.25,
where we see a sudden increase in magnetoelasticity after
the initial peak. While this unusual feature is interest-
ing in and of itself, its corresponding lattice parameter
is greater than the experimentally measured values of
Galfenol. We therefore opt not to consider its origin any
further, but present it here as a curiosity.
In summary, though the behaviour beyond 10% Ga
content in both phases is highly volume dependent, our
calculations show quite clearly that homogeneously re-
placing some number of Fe’s nearest neighbours with Ga
in a cubic configuration enhances magnetoelasticity.
4. Comparisons to previous studies
In sharp contrast with previous findings17,48 and the
insights made by subsequent investigations that have
been informed by those findings16,19,49 our calculations
consistently show that the D03-like phase is not, detri-
mental to the magnetostriction of Galfenol and even ex-
hibits magnetoelasticity that is more than twice that of
the experimentally measured peak. Not only that, but
the B2-like phase alone is able to account for the experi-
mentally observed enhancement in magnetoelasticity, de-














































































FIG. 6: Comparisons of the site-resolved magnetoelastic Ga concentration dependence at sites 1b in the B2-like
phase and 8c in the D03-like phase, for different lattice parameters. (a) 5.35 a.u. (b) 5.40 a.u. (c) 5.45 a.u. (d)
5.50 a.u..
A2 phase has the largest magnetoelasticity among it, B2
and D03. It should be noted however that these results
are not necessarily in conflict with the more recent results
of Wang et al., whose optimised super-lattice calculations
found large amounts of D03-type order at Ga concentra-
tions of ∼15 % and above. Their conclusion was that
this ordering limits the growth of the magnetoelasticity
and causes its decrease after the peak, whereas our re-
sults suggest that the onset of B2- and D03-like ordering
is necessary for enhancement.
To gain some insight as to the electronic origin of this
enhancement, in the following sections we will analyse the
density of states of these phases, with a particular focus
on the 1b and 8c sites due to their dominating contribu-
tion to the magnetoelastic concentration dependence.
C. Density of states and band filling analysis
1. B2-like phase
To begin our analysis of the B2-like phase’s band struc-
ture, we have calculated the density of states (DoS) of the
1b site - that which accounts solely for the magnetoelas-
tic enhancement - in Fe1−xGax for Ga concentrations of
0, 15, and 25% and plotted the results in Fig. 7. For these
calculations, as well as the calculations used in the band
filling analysis that appear later in this section, the unit
cell volume is fixed so that a = 5.45 a.u., i.e. the experi-
mentally measured lattice parameter for Fe0.85Ga0.15
50.
The most obvious change we see as Ga is added to
the system is the growth of large peak in the minority
channel of the DoS, emerging at low Ga concentrations
from above the Fermi level before centralising around the
Fermi level when Ga content reaches 25%. From the
peak’s location relative to the d bands as a whole - it be-
ing around their energetic “center of mass” so to speak -
we can infer that the peak is generally made up of non-
bonding states51. This is consistent with the physical pic-
ture, in which the effect of increasing Ga content in the
B2-like phase is to replace some proportion of all near-
est neighbours to the 1b site with Ga’s p orbitals. The
tight-binding model51 then tells us that the strengthen-
ing of that site’s non-bonding characteristics is due to the
weakness of pd-type bonding for that particular nearest-
neighbour symmetry.
By projecting the DoS onto the t2g (xy, yz and xz)
and eg (z
2, x2 − y2) orbitals, it becomes clear that the
emergence of this peak derives primarily from the t2g or-
bitals. Once again this follows from the physical picture,
which shows that the bonding between t2g orbitals is no-
tably stronger than eg orbitals in bcc Fe due to their
much greater overlap, suggesting that the weakening of























































































FIG. 7: The scalar-relativistic density of states of
Fe1−xGax in the B2-like phase (x =0, 0.15 and 0.25) at
the 1b site , where zero energy is defined to be the
Fermi energy. Also shown are the orbital-resolved
density of states, separated into eg and t2g states.
changes in the t2g-projected DoS.
2. D03-like phase
Calculations of the total and orbital-resolved DoS on
the 8c site of Fe1−xGax in its non-stroichiometric D03-
like phase (where x = 0, 0.15 and 0.25) can be found
in Fig. 8. There are clear parallels between these results
and those of the B2-like phase, the primary one being the
appearance of a peak-like feature above the Fermi energy
in the minority DoS at lower Ga concentrations, which
shifts downwards in energy and grows in size as more Ga
is added. A key difference however - which becomes more
obvious as Ga content increases - is that this feature is
now made up of two distinct peaks, with the one at lower
























































































FIG. 8: The scalar-relativistic density of states of
Fe1−xGax in the D03-like phase (x =0, 0.15 and 0.25)
at the 8c site in the D03 phase, where zero energy is
defined to be the Fermi energy. Also shown are the
orbital-resolved density of states, separated into eg and
t2g states.
From the orbital-projected DoS of Fe75Ga25 we observe
some additional features in the eg states, including small
peaks in the minority and majority DoS just below and
above the Fermi level respectively. Referring back to the
DoS for the B2-like phase, we find that these small peaks
also appear but are less prominent. Before we probe the
effects of these various features in the DoS on the magne-
toelasticity of the material, we will provide a qualitative
analysis of their electronic origin using the tight-binding
model51.
3. Tight-binding analysis of the density of states
Here we will focus on the large peaks that appear in
the minority DoS around the Fermi level as Ga concentra-
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tion is increased, in particular the origin of the apparent
“splitting” of the peak that occurs when going from the
B2-like phase to the D03-like phase.
Intuitively, this occurrence can be understood as a
band splitting due to the increased order of the D03
phase, bearing in mind that Fe3Ga is stoichiometric in
the D03-like phase and non-stoichiometric in the B2. It
follows then that the non-stoichiometric B2-like phase of
Fe3Ga, which can be understood as a radially averaged
approximation of the stoichiometric D03 phase, would
exhibit a feature in its DoS that is essentially an average
of the D03’s more ordered band structure.
For a more robust explanation however we will make
use of the Slater-Koster tight binding model, which de-
scribes the interaction between orbitals in terms of their
overlap51. To simplify the analysis, we will focus on the
following two bonding energy terms:




which describe σ-type bonding of strength V σ between
orbitals that are separated by the unit vector β̂, where
the interaction is between xy-xy (d-d/Fe-Fe) orbitals and
x-yz (p-d/Ga-Fe) orbitals respectively. Referring back to
Fig. 1, to calculate the total nearest-neighbour bonding
energy for the 1b and 8c site we need only sum the con-
tributions from each nearest neighbour. By performing
these sums it becomes clear that the fourth-order angu-
lar dependence of the xy-xy term (as with the other d-d
terms) ensures that the nearest-neighbour bonding en-
ergy is equivalent for both the 1b and 8c sites, assuming
that disordered sites can be treated by linearly combining
the contribution from each atomic species. However, the
third-order angular dependence of the x-yz term (again
consistent with other p-d terms) leads to a non-zero en-
ergy for the 8c site and zero for the 1b site, thus distin-
guishing their bonding energies. This qualitative analysis
tells us that the splitting of the peak in the minority DoS
of the D03-like phase is an outcome of pd-type bonding,
rather than dd-type.
Now that we have some understanding of the bonding
origins of the peaks in the minority channel of the DoS
around the Fermi level, we will investigate their influence
on the magnetoelasticity of these phases by studying its
dependence on the location of the Fermi level.
4. Band filling analysis of magnetoelasticity
An effective way of probing the effect of particular fea-
tures in the DoS on spin-orbit phenomena - such as MCA
and magnetoelasticity - is to artificially vary the Fermi
energy and determine the response of said phenomena52.
For this purpose we have opted to calculate the Fermi
level dependence of Galfenol’s magnetoelasticity. Fig. 9
shows a comparison of the magnetoelastic Fermi-level de-
pendence in the B2- and D03-like phases of Fe1−xGax
(more specifically, sites 1b and 8c) over a range of Ga
concentrations (x = 0.1-0.25), as well as bcc Fe.
Note that our calculations for bcc Fe show a negative
magnetostriction, which according to experiment should
be the wrong sign.5 This is due to the choice of lattice pa-
rameter, which means that the bcc Fe lattice has been ex-
panded by 0.05 a.u. relative to experimentally measured
lattice parameters. These results are therefore consistent
with Ref 20, in which our calculations suggest that Fe
has a positive magnetostriction when using experimen-
tal lattice parameters and that an expansion of 0.05 a.u.
causes the magnetostriction to become negative. They
are also consistent with experimental results which show
that the contraction of the Fe lattice leads to an increase
in magnetostriction53. For more detail on the volume
dependence of Fe’s magnetostriction, see Ref. 20.
The results for the Fe-Ga phases show that the mag-
netoelasticity of the 8c site in the D03-like phase is very
sensitive to the placement of the Fermi level over most
of its Ga concentration range, with this sensitivity in-
creasing along with Ga content. By studying the range
of concentrations as a whole we see that a clear pattern
emerges - as we dope bcc Fe with Ga at the 8c site, a
peak in magnetoelasticity emerges above the Fermi level
which increases in magnitude and moves downward in
energy as more Ga is added. This closely mirrors the
behaviour of the lower energy peak that we observed in
the minority spin of site 8c’s DoS, as shown in Fig. 8.
The peak associated with Fe0.75Ga0.25, which resides at
around −0.01 Ry, represents an extraordinary enhance-
ment in magnetoelasticity - nearly three times the value
at the natural Fermi level and thus six times that of
Galfenol’s experimentally-measured maximum.
The Fermi level-dependence of the partially-ordered
B2-like phase demonstrates a similar trend to its D03-
like counterpart, as we see a peak in magnetoelasticity
emerge above the Fermi level at x = 0.1 which grows in
magnitude and lowers in energy as Ga concentration in-
creases. However it is also clear that the maximum size
of this peak is far smaller than in the D03-like case - less
than half in fact.
Another contrast with the partially-ordered D03-like
phase is that there is no longer a correlation between
the concentration dependence of the magnetoelastic peak
and the peak in the minority channel of the DoS. This
lack of correlation is made particularly clear by the fact
that the peak in the minority DoS of B2-like Fe0.75Ga0.25
resides just above the Fermi level, while the magnetoe-
lastic peak resides below. This suggests that there is an
electronic mechanism beside the availability of states in
the minority channel that is affecting the magnetoelas-
ticity.
To investigate this further we have calculated the
strain-induced change in the DoS (∆DoS = DoS(εzz =
0.2%)−DoS(εzz = 0%)) in the majority channel of the 1b
and 8c sites of the B2- and D03-like phases of Fe0.75Ga0.25
respectively, and plotted the results in Fig. 10. What
they show is that the relatively small peaks in the ma-
jority spin channels of both phases cause a sharp redis-



















































FIG. 9: Calculated Fermi level dependence of the site-resolved MCA in tetragonally-deformed (εzz = 0.2%)
Fe1−xGax (x = 0, 0.10, 0.15, 0.20, 0.25) for the 1b site of the B2 phase (left) and the 8c site of the D03 phase (right).
system is positively strained along the z-axis, primarily
from x2 − y2 to z2 states. From the second order per-
turbation theory of the MCA detailed in section II E,
we can see that this represents an enhancement in the
〈z2|Lx |xz, yz〉 =
√
3 term alongside a weakening of the
〈x2 − y2|Lz |xy〉 = 2 term, thus diminishing the MCA
overall. This redistribution should therefore contribute
negatively to the magnetoelasticity. However, the key
difference between the B2- and D03-like phases in terms
of these strain-induced changes is that they take place
at a higher energy in the D03 phase, above the Fermi
level. Thus in the B2-like phase, where the redistribu-
tive peak is below the Fermi level and thus energetically
accessible, there is a suppression of the magnetoelastic-
ity in comparison to the D03 phase. This explanation is
further supported by the results in Fig. 9b. which show
that occupying the D03-like phases’s redistributive peak
by adding more electrons causes a significant decrease in
magnetoelasticity.
5. Summary and Discussion
In this section we have used band-filling analysis and
the tight-binding model, in conjunction with scalar rela-
tivistic calculations of state-projected DoS, to investigate
the electronic origins of the magnetoelastic enhancement
of Fe1−xGax’s partially-ordered B2- and D03-like phases.
We have focussed solely on their 1b and 8c sites respec-
tively due to the dominating influence they have on each
phase’s magnetoelastic concentration dependence at Ga
concentrations greater than 10 %.
Calculations of the DoS showed that an increase in Ga
concentration leads to the emergence of a large, broad
peak in the non-bonding region of the B2-like phase’s
minority spin channel, while in the D03-like phase that
peak is split into two sharper peaks either side of the
Fermi level. The former result agrees well with similar
calculations carried out by Khmelevska et al.19, however
they did not find a peak-splitting feature in the D03-like
phase. Looking closely at their results, it may be the












































FIG. 10: The strain-induced change in the majority
channel of the state-projected density of states
(∆DoS = DoS(εzz = 0.2%)−DoS(εzz = 0%)) in
Fe0.75Ga0.25. Top panel shows the 1b site of the
partially-ordered B2-like phase and the bottom panel
shows the 8c site of the D03-like phase.
required to distinguish the two peaks, especially as they
are also observed in Ref. 54.
Using the Slater-Koster tight-binding model we have
provided a qualitative theory for the splitting of these
peaks. While the interaction between adjacent d or-
bitals is equivalent in the D03- and B2-like configurations,
the introduction of lower-symmetry interactions between
the Fe’s d orbitals and the Ga’s p orbitals in the D03-
like configuration breaks this equivalence and leads to a
“symmetry-splitting”.
Calculations of the magnetoelastic Fermi level depen-
dence of the partially-ordered D03-like phase showed a
notable correlation with the DoS of the minority spin
channel, as each curve showed the emergence of a peak
that increased in magnitude and decreased in energy as
Ga content was increased. Equivalent calculations in the
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B2-like phase did not show the same agreement between
the electron number-dependence of the magnetoelastic-
ity and minority DoS however. Using the second order
perturbation approximation of the MCA we have been
able to attribute the suppression of the B2-like phase’s
magnetoelasticity to a small peak in the majority DoS,
which leads to a large redistribution of eg states when
the system is strained. The negative influence of a simi-
lar feature in the majority DoS was also observed by Cao
et al. in their study of Fe1−xGex
10.
This leads us to conclude that the dramatic magne-
toelastic enhancement of D03-like Fe1−xGax is a result
of symmetry-splitting in the minority DoS leading to a
large concentration of states in an optimal energy region
where the majority DoS is mostly filled - with the excep-
tion of a small number of detrimental states that reside
at high energies. On the other hand, while the magne-
toelastic enhancement exhibited in the partially-ordered
B2-like phase is quite significant, it is ultimately limited
by the fact that the peak in its minority DoS is smeared
over a greater energy range due to its higher degree of
symmetry and compositional disorder.
Finally, our results on the Fermi-level and Ga con-
centration dependence of the D03-like configuration’s
magnetoelasticiy provide us a qualitative theory for the
experimentally-measured peak5. While the overall peak
in magnetoelasticity for a given concentration grows in
magnitude as Ga is added to the system, the location of
that peak is simultaneously shifted downwards in energy.
This leads to a critical concentration around ∼ 20% Ga
content where the effect of the energy shift outweighs
the enhancement of the peak’s maximum. It is there-
fore possible to account for the experimentally-measured
peak in magnetostriction around ∼ 20% using only a
partially-ordered model of the D03-like phase, which ac-
cording to our results on the ground state compositional
order in section III A is the system’s preferred state at
0.10 < x < 0.25.
D. Finite temperature magnetoelasticity
Now we will utilise DLM theory’s treatment of ther-
mally driven magnetic disorder to determine the finite
temperature magnetoelasticity of the D03-like phase at
Ga concentrations of 15, 20 and 25%. We have plot-
ted B1 as a function of order parameter m in Fig. 11,
where the lattice parameter is fixed at a = 5.45 a.u.
At each concentration our results show a monotonic de-
crease in magnetoelasticity as m decreases (temperature
increases), roughly in line with what is expected from
single ion theory25. It is also evident from these results
that as magnetic disorder increases, there is a conver-
gence in B1 between different Ga concentrations. This
convergence is reminiscent of the finite temperature be-
haviour seen in similar calculations of bcc Fe and A2
Fe1−xGax in Ref. 20, which was attributed to the mag-

















































FIG. 11: B1 as a function of magnetic order parameter
m, calculated in the B2-like phase at Ga concentrations
of 15, 20 and 25 % (purple circles, green up-triangles
and blue down-triangles respectively) and the D03-like
phase at 20 and 25% (orange diamonds and yellow
pentagons). The lower panel shows additional
experimental measurements from Ref. 5, where an
asterisk denotes the use of interpolation to determine
experimental values of c′ in the determination of B1
(see main text).
structure.
Following from the band filling analysis carried out
at zero temperature in the previous section, we have
also calculated the temperature dependence of D03-like
Fe3Ga with adjusted numbers of electrons to study how
its thermal behaviour could be influenced by chemical
doping according to rigid band theory. The results are
shown in Fig. 11. In a similar way to the different concen-
tration curves, we find that the different curves converge
between m = 0.8 and 0.9, therefore as more electrons
are added to the system and the zero temperature mag-
netoelasticity decreases, the curves no longer monotoni-
cally decrease and instead show a slight increase between
m = 1.0 and 0.9. This is reminiscent again of the re-
sults of Ref. 20, where isovolumetric curves with small
or negative zero temperature magnetoelasticity exhibit a
flat or even positive slope at m = 1, while curves with
larger initial values quickly drop off as magnetic disorder
increases.
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In order to compare these calculations with experi-
mental data we have adapted the results in Ref. 5 to
produce B1 vs. m, using measurements of TC as a func-
tion Ga content found in Ref. 55 to scale the m vs. T
model. Without measurements of the elastic constant c′
for x =0.206 and 0.222 we cannot determine B1 at these
concentrations directly, so we have interpolated the pub-
lished values of c′ from Ref. 5. Note that because mag-
netostriction is only measured up to room temperature,
so the experimental data represents a very small range of
order parameters, 0.98 < m < 1. Looking at the results
of this procedure in the bottom panel of Fig. 11, we see
that the above description of convergence at finite tem-
perature appears to be borne out in the real system. The
large T = 0 magnetoelasticity when x = 0.187 and 0.206
corresponds to the usual monotonic decrease with tem-
perature, whereas the comparatively small T = 0 mag-
netoelasticity of x = 0.187 and 0.222 is enhanced by the
onset of magnetic disorder.
IV. SUMMARY AND CONCLUSIONS
We have used a unified ab initio framework in the dis-
ordered local moment picture to study both the nature
of compositional phase ordering and the temperature de-
pendence of the magnetoelastic constant B1 in Fe1−xGax
across a range of Ga concentrations.
The ordered phases of interest have been identified
as exhibiting non-stoichoimetric B2- and D03-like order,
with a system annealed below the Curie temperature in
an almost pure D03-like state. We have then opted to
study the finite-temperature magnetoelastic behaviour of
both pure B2-like and pure D03-like order.
We find that, in contrast with our earlier work on pure
Fe and the disordered A2 phase, the B2-like and D03-like
phases exhibit a marked enhancement in the magnetoe-
lastic constant B1, in good agreement with experiment.
In contrast to earlier works, we find that the D03 phase is
not in itself detrimental to magnetostriction, but instead
that the computed value of B1 is highly sensitive to the
position of the Fermi level in the material.
By studying the Fermi level dependence of the
partially-ordered D03-phase’s magnetoelasticity, we have
provided a qualitative explanation for the origin of
Galfenol’s magnetostrictive peak at ∼ 19% by inter-
preting strain-induced changes in the DoS through the
second-order perturbative form of the spin-orbit coupling
energy. We have found that the peak arises from the in-
teraction between two sharp peaks in both the minority
and majority DoS.
While a very recent experimental study has shown that
doping Fe0.83Ga0.17 with small amounts of Cu is detri-
mental to magnetostriction56, our band filling analysis
shows that enhancement could be achieved by increasing
Ga content. By lowering the Fermi energy of D03 Fe3Ga
by 0.01 Ry, its magnetostriction can be increased two-
fold. This change can be achieved by removing∼ 0.6 elec-
trons, so applying a rigid band analysis suggests that the
magnetostriction of D03-like Fe3Ga can be increased by
replacing 30% of the Ga with Cu, i.e. Fe3Ga0.7Cu0.3.
This alloy therefore warrants further investigation, but
we also note that a systematic experimental and theo-
retical study of the magnetostriction of Fe-Ga-Cu alloys
could yield valuable insight into transition metal magne-
tostriction.
Finally, we note that our results confirm the inextrica-
ble link between atomic order, magnetic order and mag-
netostriction in Fe-Ga alloys. We find differences in pre-
dicted structures depending on the nature of magnetic
order within the material, and our results show that those
structures significantly influence the magnetoelasticity of
Fe-Ga. It may therefore be possible to further enhance
magnetostrictive properties by fine tuning the annealing
process, for example via the application of external mag-
netic fields.57
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